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Preface

This thesis represents one of the earliest attempts to

integrate a CO2 laser to an ophthalmic slit lamp. During

the project, a laser-optical system which provides ophthal-

mologists with limited microsurgical control was designed to

direct laser radiation onto a patient's eye for the purpose

of remedying ocular disorders and diseases. Someday, a

similar advanced device may relieve persons with myopic

disorders from having to wear prescription glasses or con-

tact lenses. I chose this topic because of my personal

fascination with how the eye and brain visualize the objects

which we perceive, and because I am myopic.

I would like to express my sincere thanks to Professor

Leno S. Pedrotti, my thesis advisor, who encouraged me and

guided me through this research. His personal interest,

rousing discussions, and helpful suggestions have been

greatly appreciated.

I would also like to thank Dr. Richard H. Keates of the

Ohio State University Eye Clinic for sharing his resources

and expertise, and for personally testing the assembled

laser-optical system by cutting corneal tissue with it. In

addition, I wish to thank Ms. Angie Tornes and the rest of

Dr. Keates' colleagues for their support in this project.

Thanks must also be extended to Dr. Won B. Roh, Mr. James

tMiskimen, and Mr. Ron Gabriel whose technical expertise pro-
vided guidance in this research project; and to Messrs
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Russel Murray, David Paine, and Robert Bertke whose

recommendations and craftsmanship helped me develop the

laser-optical system hardware.

Finally, I wish to express my gratitude to Ms. Sharon

Gabriel for her inspiration and effort in typing this

thesis.

Douglas J. Praska
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Abstract

A Q-switched CO2 laser was integrated to a standard

ophthalmic slit lamp with the aid of an articulated arm.

The laser-optical system, including the articulated arm,

was adapted to a Nikon slit lamp to provide flexible control

of high power 10.6 pm radiation for use in surgical cutting

of the cornea. The articulated arm, consisting of seven

optical elbows and seven copper mirrors, transmitted the

CO 2 radiation from the laser to a 5X beam expander and a

F/I zinc selenide focusing lens attached to the slit lamp.

Experimental results indicate that the integrated

system can deliver 22 pm spots of focused radiation on

target with a corresponding Rayleigh range of approximately

36 pm. To demonstrate precise beam control, 9-0 Ethicon

suture was ruptured with as little as 2.4 mJ of energy.

Clear plastic sheets were cut to give an indication of

what to expect in a corneal incision. Finally, hog corneas

were incised by an ophthalmologist.

The experimental work was complemented by a parametric

study relating focused spot diameter, Rayleigh range, and

laser wavelength For a ;eri.es o,, wavelen rhs e tL-n ng From

0.249 to 10.6 pjm. The results of the parametric plots may

be used as an aid when selecting optimal laser parameters

for given applications in ocular surgery.
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DESIGN AND ADAPTATION OF AN OPTICAL SYSTEM

FOR SLIT LAMP DELIVERY OF A CO 2 LASER BEAM

I. Introduction

The laser is evolving into a significant tool for medical

science. Ophthalmology, in particular, has benefitted immensely

with the laser's increasing role in ocular surgery. In ophthal-

mic therapy, the laser has two main functions: it can substi-

tute for a scalpel, or it can be used for intraocular scar

formation (Ref 1:243). Since the laser's introduction to medi-

cal science, dedicated research has explored and exploited its

efficacies for the improvement of human health. This thesis

is but one step in a comprehensive research program contributing

to that cause.

Objective and Scope

The thesis project is founded on two interrelated goals.

The first goal is to design and fabricate a controllable, high

precision, laser-optical system which can cut micro-incisions

within corneal tissue, and function as a "laser scalpel" in

ocular surgery, pirticuLarly radial keratot-mv. The system

will contain principally an existing CO 2 laser and a standard

ophthalmic slit lamp optically connected together by an artic-

ulated arm. Furthermore, it will be tested and evaluated on

its ability to satisfy the cutting and man-machine interface



requirements for corneal surgery. The second goal is to

perform comprehensive spot diameter and Rayleigh range

calculations which can help ophthalmologists in selecting

optimum laser parameters for surgical procedures. These

calculations will apply directly to the lasers used most
d3+:Arban

frequently in ocular surgery (CO2, Nd :YAG, ruby and

argon) and a potential surgical excimer laser (KrF+). The

calculations will also cover a limited range of spot

diameters (10 pm to 40 pm).

Background

The application of lasers in medicine is not a relatively

new topic. Argon, ruby, CO 2, and Nd 3+:YAG lasers have been

employed in ocular surgery to treat an assortment of disorders

and diseases for at least ten years. The argon laser is a

popular photocoagulator among ophthalmologists. It is used

to treat retinal diseases and offers a solution to a certain

type of diabetic retinopathy (Ref 2:1518). The argon laser

has also been found effective in remedying angle-closure

glaucoma (Refs 3 and 4) and open angle glaucoma (Ref 5).

The first laser photocoagulators were ruby lasers; they

replaced the xenon arc photocoagulators of the past. Since

the ruby laser exhibits certain limitations, its role is

now mainly restricted to correcting retinal tears and post-

retinal detachments (Ref 6). Nd3 +:YAG lasers are currently

being introduced in ophthalmology largely on an experimental

basis. In 1971 LIEsperance tested a frequency doubled
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Nd3 :YAG laser's efficacy to serve as a photocoagulator.

A non-linear barium sodium niobate crystal converted the

near infrared radiation (1.064 pm) to green light (0.532 nm).

L'Esperance found this arrangement to be a promising tool

in the photocoagulation of ophthalmic vascular and chorio-

retinal disease (Ref 7).

Recent experiments conducted with the Nd 3+:YAG laser

indicate that it is capable of opening the opacified poster-

ior capsule in a pseudophakic eye (Ref 8). Medical science

is also studying the application of the CO2 laser to ocular

surgery. The special significance of this laser is that all

ocular tissues are opaque to its radiation (Ref 9:297).

Beckman and his associates have used the CO2 laser to perform

trabeculectomy-like filtering procedures for various forms

of glaucoma. In addition, they have treated both lid lesions

and paraocular skin lesions (Ref 10).

The CO 2 laser exhibits potential in other procedures too.

Landers and his colleagues have suggested that the CO2 laser

could be used as an instrument for precision cutting of

corneal buttons in keratoplasty (Ref 1:231); Karlin and his

colleagues commented that it may be used to dissolve cataracts

(ReF 9:297). Another possible CO2 laser application, proposed

by the ophthalmology community and to which this thesis is

dedicated, is in the reduction or cure of myopia by radial

keratotomy.
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To acquire an understanding of the CO2 laser's role in

radial keratotomy, it is helpful to consider how radial

ketatotomy can alter the myopic state.

Myopia, or nearsigntedness, is a condition of the eye

in which distant objects, brought into focus by the cornea

and lens, fall short of being imaged on the retina, and

therefore appear blurred. The power of the corneal-lens

system, as configured, is too large for the axial length of

the eye, as shown in Figure 1-1.

Figure 1-1. A Myopic Condition

Myopia can occur for a number of reasons: the cornea may

increase in curvature which iqil cause incoming light rays

to refract greater than normal, the eye may elongate though

its power remains normal, or it may result from abnormal

refractivity of the cye's optical media. To date, the

majority of nearsighted cases have been corrected with
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prescription spectacles or contact lenses. Some myopic

conditions have been remedied through orthokeratology -- a

mechanical technique which reduces corneal curvature as the

patient wears a series of hard contact lenses.

Another form of correction that decreases myopia (on

the order of a few diopters or to the point of near perfect

vision) is an experimental procedure known as radial kera-

totomy. Fyodorov and Durnev report that, in this operation,

the ophthalmologist begins by making a series of careful

calculations on the corneal shape of the patient's eye.

After placing several anesthetizing drops onto the patient's

eye, a thin rigid disc is pressed onto the cornea. Pressure

exerted on the disc produces sixteen equally spaced inden-

tations on the cornea, which radiate outward from the perimeter

of the pupil to the limbus, as illustrated in Figure 1-2.

With these indentations as a guide, the ophthalmologist makes

sixteen tiny incisions, using a special metal scalpel as

shown in Figure 1-3. The insert in Figure 1-3 is a 1OX

magnification of the scalpel's blade.

The depths of Fyodorov's cuts approach three-fourths of

the thickness of the cornea (approximately 0.455 mm) and are

controlled by direct microscopic vision. This technique is

believed to work because the dissection of the circular

collagen fibers sharply weakens the mechanical stability of

the cornea. Intraocular pressure then causes the incised

portion of the cornea to bulge slightly outward, which in
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Figure 1-2. Radial Keratotomy, Fyodorov M'.ethod

Figure 1-3 Metal Scalpel Used for Radial
Kei'atotomy. (Courtesy of
Dr. R.I1. Kentes, Ohio State
University Eye Clinic.
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turn flattens the cornea and lessens the refractioti r

incoming light (Ref 12). Figure 1-4 is an exaggerated

sketch depicting a flattened cornea.

F Iait ene 4
CornEt iie

8LAnOrU

Cross - St onal VeW Front V'iew

Figure 1-4. Flattened Cornea After Radial Keratotomy

Success of this operation is dependent upon precise depths

and lengths of the incisions. A mathematical model, devel-

oped by Schachar and his colleagues, predicts the depths and

lengths of the required incisions, and is consistent with

clinical findings (Ref 12:195-220).

To ensure accurate cutting, a few ophthalmologists

employ scalpels with depth adjustment controls and a special

gauge to measure uniformity and depth. Kramer and his

associates have performed radial keratotomies with a cutting

template which is affixed to the cornea by suction. The

template is transparent, plastic, and contains eight equal-

length radial slots. It is meniscus-convex in shape to
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allow for deeper incisions at the periphery where the cornea

is thicker. A specially designed scalpel fits onto the

template to make the incisions. The shape of the cornea

does not change as incisions are made; however, when the

suction template is removed, the cornea relaxes (Ref 13).

Figure 1-5 is a representation of the integrated template

and surgical blade.

Su~c'orx Temrploa.

So,.. e ' _ .. .

ii: , • : i !' "  _ Cor nect

Figure 1-5. Suction Template and Blade

Recently, interest has been generated for the use of

CO2 lasers in performing radial keratotomies. First, a

laser scalpel could ensure more precise incision depths and

lngths, since exact pressures and frictional drag associated

with conventional metal scalpels would be eliminated. Second,

no visual obstructions would hinder the ophthalmologist's

field of view, and third, a laser beam sterilizes the neigh-

boring tissue around an incision as it cuts (Ref 14). With
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a laser, an ophthalmologist could match the calculated

incision parameters precisely by selecting the correct

beam power, cutting speed, spot diameter, and number of

passes.

The CO 2 laser is ideally suited for radial keratotomy.

Of the four popular previously named lasers employed in

medicine, only CO 2 energy (10.6 pm) is completely absorbed

by the cornea. The radiation emitted from the other laser

sources pass almost unnoticeably through the cornea and

are absorbed mainly by the retina, choroid, and sclera

(Refs 15 and 16).

As a first step toward performing corneal surgery with

a CO 2 laser, the Air Force Institute of Technology Physics

Department, with assistance from the Ohio State University

Eye Clinic, sponsored a thesis project on the design and

construction of a CO 2 laser-optical system which would exhibit

precise control of power output, beam divergence and spot

size (Ref 17). The system was tested by cutting thermal

copying paper, plastic sheets, surgical sutures, and finally,

animal and human corneas. The laser was evaluated in three

different modes of operation: continuous wave, externally

chopped, and Q-switched. Experimental results showed that

a CO 2 laser-optical system can make corneal incisions with

a controllable penetration depth greater than or equal to

50 om and a width as narrow as 50 pm. Of the three modes,

the Q-switched mode was considered optimum since it created
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the least charring in the corneal tissue. Having demonstrated

accurate beam control, it was concluded that the CO2 laser

could supplement or replace metal scalpels in some surgical

procedures of the cornea. Finally, it was recommended that

the existing CO 2 laser be integrated with a standard slit

lamp to provide a safe and useful tool for corneal surgery.

This thesis project was founded on that recommendation.

Organization

Chapter II contains the theory which supports the

design of the CO2 laser-optical system constructed in this

thesis. It addressed the focusing of gaussian laser beams,

the effects rendered on them by apertures, and the safety

precautions which should be considered when working with

them. Chapter III discusses the relationship between spot

diameter and corresponding Rayleigh range for various wave-

lengths. Chapter IV describes the experimental design and

fabrication of the CO 2 laser-optical system. Chapter V

contains the test and evaluation results, and lastly,

Chapter VI presents the conclusions and recommendations.
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II. Theoretical Development and Predictions

Corneal tissue is an excellent absorber of infrared

radiation. Therefore, when high power CO2 energy is con-

centrated onto the cornea, it is instantaneously converted

into intense heat, which in turn vaporizes the tissue and

creates a narrow cut or incision. Through careful moni-

toring and control, a CO 2 laser beam can be used to burn

through ocular tissue, creating clean incisions of control-

lable width and depth.

When microsurgery such as radial keratotomy is per-

formed on the eye, whether it is done using a special metal

scalpel or a "laser scalpel," serious consideration must

be given to the width and depth of the incisions. Ideally,

the "scalpel" should be as narrow as possible and penetrate

as deep as the ophthalmologist requires. These two para-

meters, in regard to a laser scalpel, are directly pro-

portional to the spot diameter and Rayleigh range, respect-

ively, of the focused laser beam. The topics covered in

this chapter address those parameters and a few others for

tailored laser beams. These topics include beam focusing,

beam expansion, apertures, and safety considerations. The

theory is based on gaussian TEMoo beam propagation.

Beam Focusing

Generally speaking, CO 2 laser beams emitted from their

sources are too large for making acceptable incisions within

11



the cornea; therefore, focusing is required to reduce their

spot diameters. Consider a gaussian TENIQo laser beam inci-

dent upon and focused by a converging lens as shown in

Figure 2-1.

T_-

t Ya*

i €focal Ien 1-h f"

Figure 2-1. Gaussian TFM Beam Focusing

The incident beam has a spot size (w0 1 ) located, at its

waist, a distance z in front of the lens having a focal

length E. The focused beam has a spot size (w0 2 ) positioned,

at its waist, a distance z2 behind the lens. The focused

beam spot size can be determined by applying the following

equation:

1 _ 1 (1 Z ) 2  + I (iTr Wo ) 2 (1)

w022 w012 f f 2

where X is the wavelength of the laser beam (Ref 18:31).
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If it is assumed that w 0 1 is much greater than w 027 then

Eq (1) can be simplified to

w f (2)

By inspection, the term in parentheses is seen to be

identical to the far field half-angle divergence (0) for

a gaussian beam (Ref 19:34). Moreover, Eq (2) can be

rewritten in terms of the spot diameters for the incident

and focused laser beams, at their respective waists, as

fx

d 0 2 = a.273 0-1  (3)

where d0 1 equals 2w0 1 and d0 2 equals 2w0 2.

One can see from Eq (3) that the focused beam diameter

is directly proportional to the wavelength and focal length,

and inversely proportional to the diameter of the incident

beam.

Contrary to what is predicted in geometrical optics,

the waist of a focused gaussian laser beam may not be

centered in the focal plane of a converging lens. Rather,

Li;ing gaussian optics, it is Eound, in general, that the

waist will be formed slightly to one Lde of the focal

plane, as shown in Eq (4) (Ref 18:31).

f2 (zl-f)
2. = + wW2(4)

(zl-f) 2  + ( , )

13



Not v that the posit ion of the waist is principal ly dependent

upon the focal length of the lens. llowevcr, it is also

dependent upon the incident beam's wavelungth, waist loca-

tion, and spot size at the waist. If z I is equal to or much

greater than f, then z 2 will equal f and the focused beam

will form in the focal plane of the converging lens.

Rayleigh range is defined as the distance from a beam's

waist to the on-axis point where its cross sectional area

has doubled in size. The beam is considered to be "collimated"

within a Rayleigh range of the beam. These parameters are

illustrated in Figure 2-2.

F e2ure 2.-2. [:i,, Ieiah Ranae

Within this span, the irradiance of the beam has

sufficient magnitude to vaporize corneal tissue -- producing

an incision. Rayleigh range is directly proportional to

the square of the spot size at the beam's waist and inversely

14



proportional to its wavelength. It can be calculated using

Eq (5) (Ref 20:312).

ZR - (5)

In terms of the spot diameter, the Rayleigh range can be

rewritten as

lTd 02
ZR - 0. (6)

Beam Expansion

Being able to produce an acceptable, microscopic spot

diameter -- in turn, incision width -- is a key factor in

determining whether the CO 2 laser can be applied to corneal

surgery. Referring back to Eq (3), it is evident that the

focused beam diameter (d0 2 ) will decrease as the incident

beam diameter (d0 1 ) increases. Therefore, expanding the

incident beam before it strikes the converging lens should

render the focused beam even smaller, provided that the lens

is greater than the expanded beam.

Consider a Galilean beam expander, composed of two

cmn;es, illustrated in Figure 2-5. The Eront lena has a

negative focal length (f,) and the back lens has a positive

focal length (f2). The two lenses are afocal; i.e., they

are separated by a distance equal to the sum of their focal

lengths. When combined, they function as a simple telescope.

15
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Figure 2-3. Galilean Beam Expander

Let the input beam diameter and far field half-angle beam

divergence, at the front surface of the first lens, be

denoted as dI and 0l, respectively. Similarly, let the

output beam diameter and far field half-angle divergence,

at the back surface of the second lens, be designated as

d2 and 0.. Using ray matrix techniques, applied to TEMoo

gaussian beams, it can be shown that the input and output

beams are related by

C, (7)

and

02 F- 01 (8)

2
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These equations indicate that the incident beam is enlarged

by a factor equal to the quotient oF the focal lengths, and

the beam divergence is reduced by a factor equal to the

inverse of that same quotient. Note that these results for-

tify the assumptions used to reduce Eq (1) to Eq (2).

Apertures

Occasionally, when gaussian laser beams are to be shaped,

they may be passed through lenses or reflected from mirrors.

When this occurs, it is very important to know the dimensions

of the aperture of the beam shaping optical component, rela-

tive to the diameter of the laser beam. By proper design of

the optical component, all of the beam's energy will propagate

forward, and negligible diffraction effects will be intro-

duced by the beam shaping optical component. The ratio of

the power ( a) transmitted through or reflected from a circular

aperture of radius a, to the power (oi) incident upon the opti-

cal component, as shown in Figure 2-4, is given by

a { -2a 2 (
e x - e p ( t _ )(9)

i 
2

wheco w i-; the spot size of the beam at the point where it

is collocated with the aperture (Ref 20:312). Note that

t.'q (9) does not take into account the reflectance or trans-

mittance properties associated with the material of the beam

shaping optical component. In terms of beam diameter (d)

17
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Opi-icWa Componet

Figure 2-4. Aperture of Optical Component

and aperture diameter (c), Eq (9) can be rewritten as

a _ -exp -2c (10)

As a rule of thumb, Siegman states that an aperture of

diameter 1.5 times the gaussian beam diameter will pass

approximately 99 percent of the beam power and that diffrac-

tion effects will be negligible.

Safety Considerations

Performing operations with lasers requires practice of

special precautions to avoid unintentional beam exposure to

the eye. Direct ocular exposure to the laser beam may

damage the eye. The damage incurred is a function of the

182



incident laser beam power (4), distance from the beam waist

to the eye (z), spot size at the waist (w0 ), wavelength (X),

and exposure time (t). The U.S. Air Force has conducted

extensive research investigating permissible laser exposure

( levels (PEL) for the human eye (Refs 21 and 22). The PEL,

an irradiance, is related to the incident beam power by

PEL = -0 (11)
'rrb 2iT

where b is the spot size corresponding to the e-1 irradiance

value of the incident gaussian beam on the corneal surface.

The worst case exposure condition, for a laser beim damaging

the retina, occurs when the collimated beam fills the pupil

and exhibits a waist at the eye's near point. This is due

to the focusing properties of the cornea and the lens. The

spot size for the incident laser beam is defined as

wwo A z )'
o+ 2

2 Irw0

Substituting Eq (12) into Eq (11), setting w0 = do/2

where d is the spot diameter at the waist, and solving for
0

the power yields

(PEL)d0
2  [ (z)

8 z [1 +4X (13)
Td2
0

19
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This equation may be interpreted as the maximum permissible

power at the waist of a laser beam, incident upon and located

a distance z from the eye, which will not cause damage to

the eye. The PEL is dependent upon spectral range, exposure

time, and waveform of the laser beam. A PEL of 1.8 x 10- 3

t-3 watts/cm 2 is valid for a spectral range stretching from

0.4 pm to 1.4 pm (except for 1.06 pm), an exposure time

extending from 19 ps to 10 s, and a continuous wave output.

Incorporating this PEL value into Eq (13) produces

97rd 0  4z) (14)

40,000 t i + 2

Generally, the true power ( t) of an incident laser

beam is greater than D. If so, a protective shield covering

the eye or a neutral density filter inserted within the

optical system is required. The degree of protection is

given in optical density (O.D.) which is defined by

O.D. log1 0 {tj (15)

Combining Eqs (14) and (15) yields the following expression

.for computing the minimum optical density value of a

neutral density filter which ensures adequate ocular pro-

tection from the incident laser beam.

40,000 4 .

O.D. = 0 0 [i + (1G)
9Trd2 - d

0 0

20



This equation will provide valid accurate optical density

values only when the incident laser beam waist is located

at or beyond the near point of the eye, again due to the

focusing of the cornea and the lens. If the visible laser

beam is focused between the eye and its near point, then

the worst case condition must be considered and z should be

set equal to 7.0 cm, the approximate distance from the

cornea to the near point of a normal young adult eye.

Summary/Example

This chapter has thus far provided the background theory

required to develop a laser scalpel for corneal surgery.

In concluding this chapter, a series of calculations is per-

formed using the derived formulae. The numerical values

used in these examples match closely to those which charac-

terize the designed laser-optical system.

Take the spot diameter and far field half-angle beam

divergence for the CO2 laser beam (10.6 Pm) at the input of

the SX Galilean beam expander to be 7 mm and >.1 mrad,

respectively. If the negative lens of the beam expander has

a focal length of -2 cm and the positive lens has a focal

lcngth of 10 cm, then the output spot diameter and far field

beam divergence from Eqs (7) and (8) are

d = d 3.5 cm
21

21



and

02 = = 0.22 mrad
2 2

If this expanded and nearly collimated gaussian laser

beam is now directed upon a converging lens with a focal

length of 3.81 cm, then employing Eq (3), the focused beam

would exhibit a spot diameter of

d02  1.273 f0 14.7 Pm
01

at its waist. Suppose the incident beam waist lies at a

distance from the lens much greater than the focal length

of the lens, then the location of the focused beam waist

according to Eq (4) is

z2  =f 3.81 cm

The Rayleigh range of the focused beam can now be

determined from Eq (6) using the spot diameter d0 2 calculated

above.

7,dol2
2

ZR 16.0 im

The last three calculated figures imply that the given laser-

optical system could theoretically produce incisions 3.81 cm
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from the converging lens, which are approximately 14.7 pm

wide and 16.0 Pm deep.

Now suppose an articulated arm is used to route the CO2

laser energy into the beam expander from the laser source.

Following Siegman's rule of thumb, the minimum internal

diameter of the arm required to pass the laser energy without

transmission or diffraction losses would be

c 1.5d = 1.05 cm

For a final calculation, consider laser safety require-

ments. Let a HeNe laser beam (0.6328 Dm), colineated with

a CO2 laser beam, be used for targeting the CO2 laser energy

onto a patient's cornea. If the HeNe radiation focused on

the cornea exhibits a working power of 0.02 mWatts, a spot

diameter of 3.5 pm, and an exposure time of 10 s, then the

minimum optical density, for a neutral density filter,

required to protect the patient's and ophthalmologist's

eyes would have to be, employing Eq (16)

40,000 D tt 4 4Xz2 -l
O.D. log1 0 f [1 + (-) ] I = 2.39Td 0 2 7d 02
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II. Spot Diameter arid Rayleigh Range

Dependence on Wavelength

Before an ocular disorder or disease can be remedied

using a laser-optical device on a microsurgery level, the

ophthalmologist must consider four important laser parameters:

wavelength, beam power, spot diameter, and Rayleigh range.

Optimal values for these variables should be chosen to maxi-

mize the success of the patient's postoperative recovery.

During this research period, comprehensive calculations were

performed to help ophthalmologists select optimal spot diameter

and Rayleigh range values. These parameters are important

since they directly affect the incision width and depth.

Power is not addressed in this chapter, and wavelength is

chosen only to represent the ranges available with lasers in

current use.

The two pertinent equations from which the calculations

are based were derived in Chapter f. These equations are

d = 1.273 x d f (3)
021

zR d 02 2  

(6)

24



As noted in Chapter IT, the spot diameter and Rayleigh

range for a focused laser beam are wavelength dependent and

are not independent of one another. The focused spot diameter

is directly proportional to, and the Rayleigh range is inversely

proportional to, the laser beam wavelength. In addition, the

Rayleigh range is proportional to the square of the focused

spot diameter.

The calculations incorporate five different wavelengths

so that spot diameter and Rayleigh range values for five

different lasers can be compared. Four of the wavelengths

correspond to lasers already used in medicine; they include:

CO2 (10.6 pm), Nd3 +:YAG (1.06 pm), Ruby (0.694 pm), and

Argon (0.488 vm). Krypton fluoride (0.249 pm) was chosen

as the fifth laser to compare its theoretical ultraviolet

capabilities to those of infrared and visible lasers.

If laser-optical devices are to be appreciated and

accepted in ocular surgery (possibly to replace metal scal-

pels), then they must meet certain criteria. In particular,

those instruments which are designed to function as laser

scalpels should be capable of producing narrow incisions

which are comparable in width to those obtained using the

I t',t metal scaln,!S. Pth "his Plivt in mind, the compu-

tation process begins by generating a limited range of

f/d 0 1 values for the focusing lens. This quotient repre-

sents the focal length of the converging lens to the incident

laser beam spot diameter on the lens. Practical values for
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the ratio f/d0 1 were chosen to range from one to twenty in

increments of one-eighth. Focused spot diameters were calcu-

lated using Eq (3) and were truncated at a maximum value of

42 microns. Corresponding values of Rayleigh range were

then calculated using Eq (6). Figure 3-1 represents the

final results for each of the five trial wavelengths. The

computer program is provided in Appendix A for any further

analysis.

In Figure 3-1, the CO 2 laser line is far removed from

the others; this is due to its long infrared wavelength.

As the CO 2 laser beam is focused to smaller spot diameters,

the Rayleigh range is seen to decrease at a more rapid rate.

Eventually, the Rayleigh range approaches values having the

same order of magnitude as the spot diameter. This is a

serious problem which inhibits the cutting of deep incisions.

Incisions can be made deeper by retracing, but not without

unacceptable widening of the tissue. Another infrared laser,

the Nd3+ :YAG, can achieve longer Rayleigh range values than

the CO 2 laser for any given spot diameter. This occurence

is due to the fact that the Nd 3+:YAG laser wavelength is

one-tenth the size of the CO 2 laser's. The visible lasers,

Ruby and Argon, share very sini-Lar focusi.ny properties which

are better than those of the Nd3 + :YAG and CO 2 lasers. Lastly,

the Krypton Fluoride laser, of the five lasers considered,

yields the longest Rayleigh range for any given spot diameter.
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In sumnary, the tradeoffs in selecting a lasur or

adjusting its optical system for ocular surgery are easily

readable in Figure 3-1. Spot diameters of ocular laser

instruments, at any wavelength, can be manipulated by vary-

ing the optical components within. However, for any given

optical configuration, lasers with shorter wavelengths can

be focused to smaller spot diameters (consequently, smaller

incision widths). In addition, shorter wavelength lasers

also provide longer Rayleigh ranges (in turn, deeper inci-

sions of uniform width) for any given spot diameter. There-

fore, ultraviolet lasers, such as the KrF* laser which can

deliver small spot diameters with long Rayleigh ranges, may

be ideally suited for ocular surgery since much of the ocular

media absorbs ultraviolet radiation in the 0.25 lim range.

However, the biological effect of intense ultraviolet radia-

tion on the corneal tissue, adjacent to and immediately

beneath the incision, must yet be determined.
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IV. Experimental Equipment Design and Fabrication

Design Analysis

Utilizing the theory derived in Chapter I, an optical

system was constructed using commercial -and custom-built

components. The intent was to design and fabricate a laser

scalpel suitable for corneal surgery, whereby the working

system would be readily adaptable to an ophthalmologist's

needs and easily controlled with microscopic precision.

Before this thesis was started, it was concluded that

the best interface between the CO2 laser system and the

ophthalmologist would be a device which is very familiar

to ophthalmologists -- the slit lamp. A reconfigured slit

lamp, similar to the commercially made 900 Argon Laser Photo-

coagulator, would be ideal (Ref 23). Such a device would

offer an ophthalmologist excellent viewing while cutting

ocular tissue and precise microscopic control of the laser

beam. Thus, it was decided to feed the CO2 laser beam into

a slit lamp.

The major challenge was to develop an optical component

which would channel the laser beaim from its source into a

slit lamp, all the ,hile retaining a fulL throe degrees of

freedom. Flexibility is required because incisions cannot

he made with a rigid optical delivery arm. Fiber optic cables

would have been the ideal med 2um; however, technology has yet
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to develop a fiber optic cable which is capable of transmitting

Co, radiation at 10.6 vim with low attentuation (Ref 24). An

articulated arm would then have to suffice and be incorporated.

It was also reasoned that, since a CO 2 laser beam is

infrared and invisible, a targeting capability would have to

be implemented within the system. Without this capability, an

ophthalmologist could not accurately focus the CO2 laser beam

onto a patient's eye. Targeting would be required only at the

onset of an incision, since an ophthalmologist could track and

guide the CO 2 laser beam as it cut corneal tissue by observing

the incision. A severely attenuated low power HeNe laser,

emitting radiation at a wavelength of 0.6328 pm, with its red

beam coaxially merged with the CO2 laser beam in the system,

would be sufficient for targeting. This technique, with the

aid of a switching mechanism, has already been successfully

utilized in a few infrared laser systems.

Finally, it was conceived that the focusing optical ele-

ments, identified in Chapter I1, would have to be housed in

a unit at the slit lamp. This optical interface would then

accept the laser radiation and focus it onto the patient's

eye. A block diagram of the proposed system is depicted in

Figure 4- .

At the start of any design phase, the designer must thor-

oughly understand what the input to the system will be, and

what is expected at its output. The heart of this system is

the CO2 laser, which emits infrared radiation at a wavelength
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of 10.6 pin. This radiation is ideal for making incisions

within the cornea, since the cornea is opaque in the infra-

red region (0.77 pm to 250 pm). The CO 2 laser, employed

in this research and pictured in Figure 4-2, is configured

in the Q-switched mode. It exhibits a maximum average power

output of 1.6 W and a peak power output of 597 W, with a

pulse frequency of 10,000 Hz and a pulse duration of 500 ns.

The laser beam has a far field spot diameter and a half-angle

beam divergence of 6.3 mm and 1.1 mrad, respectively. In

comparison, the "targeting" HeNe laser emits a continuous

wave beam at a wavelength of 0.6328 pm and a power output of

1.4 mW. Its far field spot diameter and half-angle beam

divergence are 0.488 mm and 0.825 mrad, respectively. A

Nikon slit lamp was loaned to the school by the Ohio State

University Eye Clinic. This slit lamp underwent considerable

non-destructive modification in order to be integrated to

the CO 2 and HeNe lasers. The slit lamp is shown in Figure 4-3.

Design

To successfully integrate these three commercially

built components and produce a working laser-optical system,

three custom components had to be designed and fabricated.

These included a laser beam switch, an articulated arm,

and an optical interface as previously illustrated in

Figure 4-1.
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Laser Beam Switch

The purpose of the laser beam switch is twofold. First,

it serves to merge the CO2 and HeNe laser beams coaxially

for targeting. Second, it provides a surface from which to

mount a neutral density filter. The neutral density filter

intercepts only the HeNe beam and reduces its irradiance to

a safe exposure level. Thus, the HeNe beam does not pose a

risk to the eye of either the patient or ophthalmologist.

It was desired to design a switch which was simple to oper-

ate, small in physical dimensions, rigid, and accurately

alignable. An electrically actuated binary switch which

passed either the CO2 laser beam or HeNe laser beam was

considered to be ideal.

With these features in mind, a switch as sketched in

Figure 4-4 was constructed. Within the aluminum housing

rests a pivotable and delicately balanced stainless; steel

mirror oriented at an angle of forty-five degrees to the

incident, mutually perpendicular, CO2 and eNe laser beams.

In the rest position, the actuator is off, the CO2 beam is

blocked, and the attenuated HeNe beam is reflected off the

mirror surface and on through the optical system to the

p.'ti:_nt's cy'e. By Jeprcssing a Coot switch, the ophthal-

mologist causes the actuator to t.ip the mirror, rotating

it counter-clockwise, Pnd holding it in a horizontal posi-

tion uiitil the foot switch is released. This action allows

the CO2 beam to pass through the switch unattenuated and
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into the optical system where it is absorbed by the patient's

cornea.

At the same time the HeNe beam is retroreflected from

the mirror and passed back through the neutral density filter

again. A highly polished stainless steel mirror was chosen

for the reflector because of its high reflectivity, small

coefficient of thermal expansion, strength, and resistance

to oxidation. A detailed print of the laser beam switch is

illustrated in Appendix B.

Articulated Arm

The major component needed in this system was a waveguide

to direct laser energy from the beam switch to the slit lamp.

Mobility was a critical factor which made the flexible arti-

culated arm essential. The articulated arm's design was based

upon articulated arms already used in medicine such as in the

Sharplan laser (Ref 25). Full consideration was given to

make the arm as light, yet strong, as possible. The arm

required a diameter large enough to pass the CO 2 and HeNe laser

beams, so it would not act as an aperture creating beam losses

and unwanted spread through diffraction effects. In addition,

the arm had to be totally enclosed as a safety precaution.

The mirrors within the arm had to be composed oF a material

whose properties exhibited an ultra-high reflectance of CO2

radiation, a high thermal conductivity coefficient, and a

low linear expansion coefficient. Non-absorbent coatings

should be used for preventing oxidation at the mirror surfaces.

36



If the mirrors did not exhibit high reflectance, then the

arm's transmittance for CO2 radiation would be low, reducing

the beam power on the patient's eye to a point where cutting

of corneal tissue could not be attained. The ultra-high

reflectance criteria was not critical for the HeNe radiation

because of the HteNe laser beam's role within the optical

system. High thermal conductivity and low linear expansion

coefficients were desired to ensure excellent heat dissipa-

tion and minimized thermal distortion of the mirror surfaces.

Table 1 lists the reflecting metals considered for the

mirrors during the selection process and the typical values

of the pertinent properties (Ref 26 and 27:117). Copper was

selected as the best material for the articulated arm's

mirrors.

Table 1

Pure Metal Properties

Material Reflectance Thermal Conductivity Linear Expansion
(%) (B R/hr/ft -F) pin/in *F

Aluminum 98.7 137 14

Silver 99.5 247 11

Go ld 99.4 182 7.9

Copper 98.9 230 9.2

Rhod ium 97.6 86.7 4.4
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The finished articulated arm consisted of seven hardened

aluminum optical elbows, each of which housed one copper

mirror, all linked together by thin walled stainless steel

tubing. Flexibility in the arm originated from five swivels

properly located within the arm. An illustration of the arm

is shown in Figure 4-5, and detailed prints are given in

Appendix B. Three spring-loaded fine tuning adjustment screws

are incorporated within each optical elbow so that the copper

mirror in each can be pivoted. This feature allows each mirror

to be precisely aligned with the optical axis of its optical

elbow. If the mirrors are not precisely aligned, the laser

beam will suffer serious misalignment as it travels through

the arm. The swivels were designed to rotate smoothly, yet

exhibit a tight fit. These features are achieved through the

integration of high precision pin bearings and teflon spacers

housed between the sleeve couplings and hollow shafts. The

sleeve couplings unite the stainless steel tubing and the

hollow shafts, which in turn are inserted within the appropriate

optical elbows.

Optical Interface

The CO. and HeNe laser beams emitted from the articulated

az'm next enter the optical interface, .,hich guides the radia-

tion and focuses it onto the patient's eye. The optical

interface contains the focusing optics whose theory of opera-

tion has already been presented in Chapter II. Structural
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rigidity, high transmissivity, precise alignability oF the

optics, and microsurgical control of the laser beams were

critical design considerations. Hardened aluminum was used

in the fabrication of the optical interface's structure. As

shown in Figure 4-6, within the interface are a large reflect-

ing mirror, a commercially made Galilean beam expander and a

meniscus lens. The beam expander is held in place by thumb

screws which also serve to align it on the optic axis of the

interface. The beam expander lenses are anti-reflection

coated (at 10.6 pm) zinc selenide (ZnSe) -- one of the few

water insoluble substances known to man which transmits both

CO 2 and HeNe laser beams. The large copper mirror is mounted

i ~on a gimbal. It reflects the laser radiation passing through

the beam expander onto the meniscus lens. The meniscus lens,

in turn, focuses the expanded CO 2 laser beam onto the cornea

of the patient. It is fixed on two sandwiched high precision

mounts which move in directions perpendicular to one another.

The transverse mounts enable the ophthalmologist to position

the meniscus lens, relative to the patient's eye and the

incident laser beam, in an accurate, optimal manner.

The interface attaches to the central post of the slit

lam'p I' means of a spindlo irotrudinoz From th-e intcrface's

base. This configuration allows the interface to rotate

smoothly about the central post, just as the white light

source and binocular scope do on the slit lamp. With proper

adjustment of the optical interface height, the object point
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as seen through the binocular scope and CO2 focal point of

the meniscus lens coincide. This is shown in Figure 4-7

which depicts how all of the system components integrate

together, forming the desired finai laser-optical system.
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V. System Test and Evaluation

The information presented in this chapter addresses

the diagnostics associated with the assembled laser-optical

system, pictured in Figure S-1. Several measurements and

tests were performed to characterize the system's features

and to evaluate its effectiveness as a laser scalpel for

ocular procedures such as radial keratotomy.

I - ~... !

Figure 5-1. Assembled Laser-Optical System
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Design Deficiencies

During the fabrication and final assembly of the optical

system, a few unexpected problems developed. The first prob-

lem pertains to the laser beam switch. Though the component

was machined and the electromagnetic switch operated flaw-

lessly, the stainless steel mirror within the laser beam switch

was not polished to acceptable standards. The unfortunate

delay in correcting this defect prevented testing of the laser

beam switch in the laser-optical system. A germanium window

obtained from the AF Avionics Laboratory replaced the laser

beam switch. Positioned at an angle of forty-five degrees

relative to the incident, mutually perpendicular, CO and

HeNe laser beams, the germanium window coaxially merged the

laser beams by transmitting the CO 2 radiation and reflecting

the HeNe radiation, as shown in Figure 5-2. An electrically

actuated shutter, fixed at the output of the germanium window,

passed or blocked the entry of the laser beams into the

attenuated arm and subsequently the optical interface. A

second shutter, placed between the CO2 laser and the german-

ium window, was used to block the CO 2 beam while the HeNe beam

was focused onto the patient's cornea.

The major deficiency in the optical delivery system

resides within the very delicate articulated arm. To operate

correctly, the mirrors must be perfectly aligned so that the

laser beam can be precisely guided along the contorted axis

45
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of the arm. If a laser beam passing through an articulated

arm does not remain coaxial with the optical axis of the arm,

as the arm is arbitrarily moved, the final position of the

laser beam focused on the target will be a function of the

articulated arm's position. This result is highly unacceptable

since the ophthalmologist must have accurate and predictable

directional control of the laser beam. The articulated arm

designed for this research study was subject to two short-

comings which caused the CO 2 and HeNe beams to move off the

optical axis, at the arm's output, by as much as 0.S cm. It

% Las caused by the combination of slight twisting forces and

bending moments incurred along the optical axis of the arm

when the arm was moved. The heart of the problem can be

traced to a somewhat less than massive base and to unaccept-

able "play" in the first two swivels. The tilt adjustment
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screw and mounting pin located in the lower plate of the

base introduced unwanted movement which interfered with the

high rigidity required. The swivels developed a slight

amount of play created by excessive tolerances in the pin

bearings and minute buckling of the stressed metal tubing.

As a temporary fix, it was decided to freeze the optical

interface to the slit lamp -- which fixed the articulated

arm in place -- and compensate for any misalignment by

adjusting the arm's sixth and seventh mirrors. A moveable,

vertically orientated platform, shown in Figure 5-3, was

constructed and connected to the slit lamp in front of the

final focusing lens -- before the experiments were con-

ducted -- to position the test material in the CO 2 beam

focal plane of the focusing lens. Horizontal cuts were

obtainable, because the vertical orientated platform was

free to move in directions transverse to the CO 2 laser beam.

In future designs, the problems encountered here will

be corrected by engineering a more massive, rigid base;

substituting hardened, thin walled, stainless steel tubing

for the existing tubing; and replacing the pin bearings

inside the swivels with lower tolerance, high precision,

aill bearings mounted i thin races.

Optical System Transmittance

Before the optical system components were finally

integrated, the transmittance of each component was measured

to determine the total system transmittance. These
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Figure S-3. Vertical Platform

measurements pertained to both the IleNe and CO 2 laser beams.

Table 2 contains the final results.

The transmittances for the overall system may appear

low; however, these values are acceptable. First, safety

considerations require the HeNe beam to be severely atten-

uated before it is focused onto a patient's eye. Thus, the

low JlkNe htoam transmittance Si RCol% translates to the roquire-

ment for a weaker neutral density filter. Secondly, the CO 2

laser generates an ample amount of power in -relation to that

which is necessary for cutting corneal tissue; therefore, a

low transmittance for the CO 2 beam is permissible.
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Table 2

Optical System Transmittances

Measured Transmittance

Component HeNe CO 2

Articulated Arm 0.2643 0.7241

Beam Expander 0.4286 0.8984

Interface Mirror 0.6757 0.7619

Meniscus Lens 0.5714 0.9697

Germanium Window
Assembly 0.9999 0.9913

Total System 0.0437 0.4764

HeNe Laser Focusing Diagnostics

The HeNe and CO laser beams essentially share the same2

optical path even though the optical system is specifically

designed for delivering and focusing the CO2 beam onto the

patient's eye. Since the refractive index of ZnSe is differ-

ent for the ileNe and CO, 1a-ser beams (ii =  2. 151I-or n- ave-

length oF 0.6328 tim and n = 2.40 for a wavelength of 10.6 pm),

it :s clear that the focal planes of the meniscus lens for

the highly collimated CO 2 and HeNe radiation cannot coincide.

Employing the thin lens law, it can he shown that the ileNe
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beam focuses 4.55 mm nearer to the meniscus lens than the

CO 2 beam. This implies that the HleNe beam will spread to a

somewhat larger diameter when it arrives at the focal plane

of the CO 2 beam -- corneal surface. With a large HeNe beam

spot diameter incident upon the cornea, the CO 2 beam will be

more difficult to position accurately. This phenomenon was

observed, in the assembled laser-optical system, on a white

screen situated at the CO 2 beam focal plane of the meniscus

lens. There, the HeNe beam produced a spot diameter 4.5 mm

wide. Through a series of trials, neutral density filters

with increasing optical densities were inserted within the

system's optical path at the output of the HeNe laser. As

the optical densities of the neutral density filters increased,

the illuminance and spot diameters of the diverging HeNe beam

decreased. The smallest detectable spot diameter was 2.1 mm

wide. This experiment demonstrated that the CO 2 laser beam

could not be optimally focused "on target" with the microscopic

precision required in corneal surgery, by simply reducing the

spot diameter of the diverging HeNe laser beam. Racher, to

optimally focus the CO 2 laser beam on target, it is best to

focus the HeNe beam on target first; then back the meniscus

lens 4.55 mm farther away from the target. The target then

resides in the CO 2 beam focal plane of the meniscus lens.

Repeating the neutral density filter experiment a second time,

now with the HeNe beam focused onto the white screen, it was

observed that the attenuated HeNe beam was detectable so long
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as the neutral density filter, within the system's optical

path, did not exceed an optical density of 5.2. Adding a

neutral density filter with an optical density of 5.2 to

the system provides the required safety factor for both the

patient and ophthalmologist.

CO Laser Focusing Diagnostics
2

After the HeNe beam tests were performed, experiments

were conducted on the laser-optical system's capability to

focus CO2 radiation. These tests were conducted to determine

how well the focused beam could cut corneal tissue and

whether the system could satisfy the man/machine interface

requirements for ocular surgery. Three types of experiments

were performed: irradiation of surgical sutures; cutting

of plastic sheets; and finally, cutting of corneal tissue.

Irradiation of Surgical Suture

To determine CO2 beam control for the final integrated

system, 9-0 Ethicon surgical suture, backed by heat sensitive

thermal paper, was attached to the moveable vertical plat-

form. The suture was irradiated with different bursts of

CO , energy by means of the electrically actuated, controllable

siuttcr installed iithin the system's optical path. Several

of the shots which were accurately targeted had sufficient

energy to rupture the suture. An example of these results

is depicted in the photograph of Figure 5-4. The laser

power level and shutter speed settings which produced
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Figure 5-4. Ruptured Surgical Suture

ruptures most consistently were 0.5 IV and 0.01 s, respect-

ively. The energy deposited upon the suture with these

settings, taking the overall optical system transmittance

into account, is 2.4 mJ. On a few occasions the laser

beam punctured a hole completely through the SO pm diameter

suture, but never severed it. The mean diameter of the

ho e-.<,as vu. Moles urned throuh the ph:rma 1aper

from shots intentionally focused on it and not the suture

averaged 23 jim w ide. It is reasonable to assume that the

widths of the holes are equal in size to the focused laser

beam spot diameter. The Rayleigh range which corresponds
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to an average spot diameter of 23 pm is approximately

39 pm. This compares well to the theoretically predicted

Rayleigh range of 14.7 pm and spot diameter of 16 pm

calculated in Chapter II.

Irradiation of Plastic Sheets

Plastic sheets were irradiated with the focused CO 2

laser beam to obtain preliminary indications on the size

of incision widths that could be expected and the laser

power outputs necessary to produce them. The plastic

sheets overlayed thermal paper which was backed by white

cardboard. These targets were then individually attached

to the moveable platform where they were situated in the

CO 2 focal plane of the meniscus lens. Several tests were

conducted with the CO 2 laser power ranging from 0.1 W to

1.5 W. These values, when considering the total optical

system transmittance, yielded power values at the plastic

sheets extending from 0.048 W to 0.715 W, respectively.

For each established power level, two incisions were made

by moving the targets on the moveable platform across the

focused CO 2 laser beam. The moveable platform was restricted

to a transverse speed of 0.5 cm/s. In each test, the first

incision was made with only oei sweep oC th heain, and the

second was made from ten consecutive sweeps. After several

runs, it was determined that the best incision (narrowest

and deepest) occurred at a laser power level of 0.3 IV -
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0.144 W working power at the surface of the plastic sheet.

The incision width made from one sweep at this setting was

24 pm wide, and the cut nearly penetrated the 50 iim thick

plastic sheet. The incision width produced by ten sweeps

of the laser beam, at this power setting, was measured to

be 83 pm and the cut clearly penetrated the plastic sheet.

In all cases, it was found that increasing the number of

sweeps also increased the width and depth of a cut, most

notably the depth.

Irradiation of Corneal Tissue

The ultimate test of the laser-optical system was to

cut corneal tissue and evaluate its ability to produce

microscopic incisions that would be acceptable for corneal

surgery, particularly radial keratotomy. Pig eyes, obtained

from a local abattoir, were used as a source for corneal

tissue. Pig corneas were selected as the test material

because of their biological similarity to the human cornea.

Prior to cutting, the enucleated eyes were mounted on the

moveable platform, as shown in Figure 5-5.

The CO2 laser beam was focused onto the vertical

centerline of each pig cornea by focusing the HeNe beam

onr the cornea first, and th n backing 'ho rneniscus tens

4.SS mm farther away from the respective cornea. It was

discoverCd that, while focusing the attenuated HeNe beam

onto the cornea, the reflectance of the IleNe beam from the
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Figure 5-5. Pig's Eye Attached to Vertical Platform

corneal surface was low and the transmittance through the

cornea was high. To clearly visualize the focused EleNe

beam spot on the corneal surface, it was required that the

neutral density filter in this optical system have an

optical density value less than two, a value which is con-

sidcre( unsafe according to the calculations given in

AvL. icty of CC) 2 laser power ou~tpUt Settings were

crnployved to cut the pig corneas. Horizontal incisions were

cut at a speed of approximately 0.5 cm/s. Incisions vere

consistently made with CO 2 laser power output settings
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greater than 0.4 W which corresponds to a working power

of 0.19 W incident upon the cornea. Slight charring and

opaqueness of the corneal tissue was evident at the edges

of the incisions. Increased CO 2 beam power led to deeper

cuts within the corneal tissue, but the increased power

also increased the amount of charring and opaqueness of

the tissue surrounding the cut. Retracing the cuts appeared

to make the incisions deeper, but at the same time made

them wider. The corneal incisions measured approximately

1.0 cm long. The cuts were limited in length due to the

curvature of the cornea, which carried the surface at the

periphery of the cornea beyond the Rayleigh range of the

focused CO 2 laser beam. An example of an incision is

sketched in Figure 5-6.

HOr'V.orOk Corneo.L and

Figure 5-6. Corneal Incision
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Dr. Richard il. Keates, senior ophthalmologist from

the Ohio State University Eye Clinic, highly experienced

in radial keratotomy and laser research in ophthalmology,

visited the laboratory and tested the laser scalpel. Using

a pig eye for a test material source, Dr. Keates cut a few

incisions within the cornea at working power output settings

of 0.33 W and 0.38 W. Two incisions were made from a single

sweep and one incision was made from four sweeps of the CO2

laser beam. Analysis of the results within the laboratory

correlated well with incisions made in earlier tests. The

widths of the corneal incisions formed by the CO2 laser

beam were comparable to the incision widths made in human

corneas, with special metal scalpels, during actual radial

keratotomies. A clinical analysis of the corneal incisions

was performed at the Ohio State University Eye Clinic;

however, the results were not available for release at the

time of this writing.
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VI. Conclusions and Recommendations

Conclusion

A laser-optical system, yielding a 23 i'm spot diameter

at the system output and exhibiting micro-precision beam

controllability, was designed, fabricated, tested and eval-

uated. The purpose of this system is to provide ophthal-

mologists with a safe surgical instrument which delivers

high power CO2 laser radiation to a patient's eye for treat-

ment of ocular disorders and diseases, particularly myopia.

The CO 2 laser was chosen because of the cornea's complete

absorption of 10.6 Pm radiation. The final system primarily

consisted of a Q-switched CO 2 laser source and a standard

ophthalmic slit lamp optically connected together by an

articulated arm and optical interface. An attenuated HeNe

laser source delivering an output beam coaxially located

with the CO2 laser beam, by way of proper positioning of a

germanium window, was incorporated in the laser-optical

system to optimally target and focus the CO 2 laser beam

onto the test materials.

Diagnostics were performed to determine the efficacy

ot the laser scalpel. Transparent plastic sheets, 9-0

Ethicon surgical suture, and pig corneas were irradiated

with the sharply focused CO 2 radiation. Incisions produced

in the plastic sheets, produced by a single sweep of the

CO 2 laser beam, exhibited widths as narrow as 24 pm.
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Preliminary analysis of incisions cut within corneal tissue

by the CO2 radiation concluded that the widths of the inci-

sions were comparable to the incision widths made in human

corneas with special metal scalpels during actual radial

keratotomies. Results from a clinical analysis of the CO2

laser induced corneal incisions were not available at the

time of this writing. To demonstrate beam control, 50 pm

wide surgical suture was severed with bursts of CO2 energy.

In some cases, 25 lim holes were punched through the suture

without rupturing it. Consistent severing of suture occurred

with an energy deposition of 2.4 mJ.

To complement the design project, comprehensive calcu-

lations were performed to help ophthalmologists select optimal

spot diameter and Rayleigh range values of medical lasers to

maximize the success of the patient's postoperative recovery.

The calculations addressed five different lasers: CO2 ,

Nd3+ :YAG, Ruby, Argon, and KrF*. The CO2 laser exhibits

the shortest Rayleigh range, for any given spot diameter,

regarding the five lasers studied. As the CO2 beam is

focused to smaller spot diameters, the Rayleigh range ralldly

approaches values having the same order of magnitude as the

:arre -sponding spot diameters. A short Rayleigh range impedes

the cutting of deep incisions. In contrast, the KrF laser,

of the five lasers studied, displays the longest Rayleigh

range for any given spot diameter. The KrF laser may be

ideallY suited for ocular surgery since much of the ocular

media absorbs ultraviolet radiation.
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Recommendations

During the assembly or development testing of many first

generation systems, shortcomings usually show up. This

research project was not any different; unfortunately, the

remaining time was too short to implement engineering changes.

Before this laser-optical system can meet its originally

intended design capability, a few fabrication and engineering

actions must be taken.

A germanium window covered with an anti-reflection

coating for randomly polarized 10.6 im CO 2 laser radiation,

incident at an angle of 450, should be purchased for the

laser-optical system to replace the borrowed germanium window.

The copper mirrors should all be repolished to remove

any oxidation, especially the large optical interface mirror

which has numerous scratches and digs. After the mirrors

are polished, they should be coated to maximize and retain

their reflectance for CO 2 laser radiation. In the event

that the mirrors are not polished, then they should be

replaced with new copper or dielectric mirrors having a

flatness of at least X/l0, and coated to retain their

ultra-high reflectance of 10.6 pim CO 2 radiation, incident

at ! i angle of 450

It would be ideal to replace the articulated arm with

a flexible fiber optic cable; however, until a fiber optic

cable is available, the laser-optical system must incor-

porate the articulated arm. For the existing arm, a few

60



engincering changes are required to hold the laser beams on

the contorted axis. The arm's base should be redesigned

so that there is no rotation at its post. It should not

incorporate a tilt control, otherwise twisting and bending

moments will persist. The thin walled stainless steel

tubing, which links the optical elbows and swivels together,

ought to be hardened or replaced with hardened thin walled

stainless steel tubing. The pin bearings which fit inside

the arm's swivels should be replaced with lower tolerance,

high precision ball bearings mounted in thin races. These

changes, if implemented, will keep the CO 2 and HeNe laser

beams on the contorted axis of the arm while it is moved,

letting the laser-optical system achieve its design per-

formance.

Last of all, a stud) should be conducted to determine

the thermal conductivity and measure the local temperature

changes in the cornea following CO laser irradiation.C, 2

These topics must be thoroughly understood before the CO2

laser can be used as a laser scalpel in ocular surgery.
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I7
APPENDIX A

Computer Program and Sample Results

of Spot Diameter and Rayleigh Range Dependence

on Wavelength, Calculations

The computer program, mentioned in Chapter III, which

calculates the theoretical spot diameters and corresponding

Rayleigh range values for the five different lasers (CO2,

Nd3+:YAG, ruby, argon and KrF*) is presented in this appendix.

The program, written in Control Data Corporation's Fortran

Version S computer language, runs through 'K' complete

cycles, each of which pertains to a different wavelength

fed into the computer from a punched card. Thus, for exam-

ple, if the spot diameter and Rayleigh range values for

six different lasers is desired, set the variable 'K' in

the program equal to six, and include six input cards

characterizing the chosen wavelengths. No special format

for the input cards is necessary, because the computer

program is written to let the computer determine the appro-

priate format used. Cal-comp plotter commands are included

within the program to produce a graph of the final results.

The computation process ,Kins by Ueneratijng', a limited

range of f/d 0 1 values for the focusing lens. This quotient

represents the ratio of the converging lens focal length to

the incident laser beam spot diameter on the lens. Practical

values for the ratio f/d 0 1 were chosen to range from one to
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twenty in increments of one-eighth. Focused spot diameters

were calculated using Eq (3) and were truncated at a maximum

value of 42 Pm for cal-comp plots. Corresponding values of

Rayleigh range were then calculated using Eq (6) and likewise

truncated to 120 pm. The following is a listing of the

computer program and sample results.
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APPENDIX B

Detailed Prints of the Laser Beam Switch

Articulated Arm and Optical Interface

In this appendix are the engineering drawings of the

custom made laser beam switch, articulated arm, and optical

interface designed for the laser-optical system by the

author. The components, excluding the meniscus lens, the

transverse mounts for positioning the meniscus lens,

and the beam expander, were expertly machined by Mr. Russel

Murray and Mr. David Paine of the AFIT Fabrication Shop.

Mr. Bob Bertke polished the copper mirrors in the Air Force

Materials Laboratory. A redesign of the articulated arm

base and swivels, for correcting the laser-optical system's

ailments, is included in these engineering drawings.
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